Detection of hydrogen peroxide is of industry interest and of biological importance. Here we report a new approach to hydrogen peroxide measurement using multilayer modified microcantilevers. Through a layer-by-layer nanoassembly technique, horseradish peroxidase was intercalated into a nanoscale multilayer assembly on one surface of microcantilevers.
The relatively low toxicity and vapor pressure of hydrogen peroxide compared to hydrazine makes it a very attractive substance as a propellant for satellites. However, there have been a few reports of hydrogen peroxide leakage from the thrusters during tests. Any high concentration of hydrogen peroxide can cause skin and eye irritation. Although the effects are usually benign, direct contact is very painful. Long term accumulation of low concentrations of hydrogen peroxide is also very detrimental to the eyes and lung tissue. In addition to these propellant hazards, highly concentrated hydrogen peroxide exposure has been known to cause tremendous material degradation. Furthermore, since hydrogen peroxide is a byproduct of many enzyme-catalyzed reactions, detection of H2O2 is of biological importance as well. [1] [2] [3] Also, clinical reports showed that uncontrolled formation of hydrogen peroxide could be a sign of human diseases, such as Parkinson's disease. 1 Current methods for hydrogen peroxide measurements include UV-Vis spectrophotometry (UV), 4 chromatography (GC), 5 and high-performance liquid chromatography (HPLC). 6 These methods are either not sensitive enough or require instrumentation that is practically non-portable, quite expensive, and very complex. An electrochemical technique 7 has been considered as most promising because of its simplicity and lowcost. 8 However, the sensitivity of this technique is not sufficiently high for early hydrogen peroxide leak detection, because the detection limit falls in between nM and µM ranges. [9] [10] [11] [12] In the past decade, microcantilevers have emerged as an ideal platform for chemical and biological sensors with extreme sensitivity. [13] [14] [15] [16] [17] [18] [19] [20] Such technology-enabled devices will deliver enhanced sensitivity over conventional detection methods using a simple electrical readout. Several handheld sensor prototypes based on cantilever sensors have been developed in several groups.
The biosensing mechanism of microcantilevers in liquid phase is mainly based on the deflection of microcantilevers that is caused from specific biological binding or chemical reactions between analytes in solutions with receptors on the cantilever surface. Microcantilever modification has been realized by using self-assembled monolayers (SAMs), [13] [14] [15] [16] sol-gel, 18 hydrogel, 17, 19 and polymer. 20 In this work, we used layer-bylayer (LBL) technique 21, 22 for cantilever surface modification. Horseradish peroxidase is a heme-containing peroxidase (EC 1.11.1.7.), and it reduces hydrogen peroxide through a threestep reaction. [23] [24] [25] [26] The optimum catalytic reaction occurs in the pH range of 6.0 to 6.5.
HRP + H2O2 → HRP-I + H2O
(1)
HRP-II + S + 2H + → HRP + S· + H2O
where HRP-I and HRP-II are oxidized intermediates of HRP that were often referred to as compounds I and II, respectively, and S and S· are an electron donor substrate and the radical product of the oxidation reaction. In the absence of donor substrates, protein amino acid residues in HRP itself can provide electrons. 27 More detailed equations include the conversion of compound III from compound II. We expect that a microcantilever covered by a HRP nanoassembled multilayer coating would deflect due to reaction of H2O2 with HRP upon exposure to hydrogen peroxide, such a process can be used for the detection of hydrogen peroxide.
The silicon microcantilevers used in these experiments were commercially available from Veeco Instruments, CA. The dimensions of the V-shaped microcantilever were 180 µm in length, 20 µm in width, and 1 µm in thickness. The spring constant is 0.26 N/m. One side of the microcantilever had a thin film of chromium (3 nm), followed by a 20 nm layer of gold deposited by E-beam evaporation.
Poly (sodium 4-styrenesulfonate) (PSS, Mw = 70000, powder),
(TTS), and horseradish peroxidase (HRP, Sigma, EC 1.11.7, type VI, 263000 unit/g, isoelectric point (pI) = 9.0, it is positive charged at pH = 6.5) were used as received from Sigma-Aldrich. Polyethyleneimine (PEI, 14%, MW = 25000, ρ = 1.043) was a gift from Max Planck Institute, Germany. A 10 -2 M MES solution was prepared in ethanol.
TTS was used to develop a thin perfluorocarbon film on the silicon surface using a typical surface modification procedure. 28 This non-sticky perfluorocarbon coating was used to control the formation of multilayer on only gold surface of the microcantilever 29 because the differentiation between the two sides of a microcantilever is essential for cantilever deflection. All the solutions were prepared in a 0.01 M NaCl electrolyte solution (pH = 6.5).
The formation of a multilayer on the microcantilever was conducted at pH = 6.5 using the following multilayer formation procedure: A TTS-treated microcantilever was immersed in a 10 -2 M mercaptoethanesulfonate (MES) solution for 12 h to form a negatively charged film on the gold surface. This negatively charged film could strengthen the stability of the multilayer film on the gold surface of the microcantilever. The microcantilever was then immersed into a 1.5 mg/mL solution of PEI (or HRP 1 mg/ml) for 20 min, and rinsed with a stream (∼100 ml/min) of water for 30 s. The cantilever was then immersed into a 3 mg/mL solution of PSS also for a duration of 20 min and next rinsed with the water stream. This procedure was repeated several times until a desired multilayer film was formed. In our experiments, the final structures of multilayer on the gold side of microcantilevers ( Fig. 1) were MES/(PEI/PSS)3, followed by (HRP/PSS)3.
The deflection experiments were performed in a flow-through glass cell (Veeco Instruments, CA) similar to those used in atomic force microscopy (AFM). A schematic diagram of the apparatus used in this study was previously reported. 15 A constant flow rate was maintained during each experiment. Experimental solutions containing different concentrations of hydrogen peroxide were injected directly into the flowing fluid stream via a low-pressure injection port sample loop arrangement with a loop volume of 2.0 ml. This arrangement allows for continuous exposure of the cantilever to the desired solution without disturbing the flow cell or changing the flow rate. Since the volume of the glass cell, including the tubing, was only 0.3 ml, a relatively fast replacement of the liquid in contact with the cantilever was achieved. Microcantilever deflection measurements were determined using the optical beam deflection method. The bending of the cantilever was measured by monitoring the position of a laser beam reflected from the gold-coated side of the cantilever onto a four-quadrant AFM photodiode. The cantilever was immersed in the electrolyte solution until a baseline was obtained; the voltage of the position-sensitive detector was set as background corresponding to 0 nm.
The microcantilevers were initially exposed to a constant flow (4 mL/h) of a 0.01 M NaCl solution in a fluid cell. The NaCl solution was circulated through the cell using a syringe pump. For each measurement of the deflection of microcantilevers, a 2.0-mL aliquot of the hydrogen peroxide solution at a certain concentration was switched into the fluid cell where the microcantilever was held. It took 30 min for the injected hydrogen peroxide solution to flow through the fluid cell, and at this time, the original 0.01 M NaCl solution was circulated back into the fluid cell. Since HRP lost a certain level of activity after exposure to hydrogen peroxide, 30 a freshly modified microcantilever was used for each experiment. When a solution of 1 mM hydrogen peroxide was injected into the fluid cell, the microcantilever bent downwards immediately after exposure to H2O2 (Fig. 2) . The bending amplitude reached its maximum in approximately 10 min. The deflection amplitude maintained at this level before the H2O2 solution was replaced by the 0.01 M NaCl solution 30 min after H2O2 rejection. When the H2O2 solution was flushed out of the fluid cell, the microcantilever gradually bent backwards. However, the microcantilevers did not bent back reproducibly, as shown from three different microcantilevers prepared under the same condition (Fig. 2) . These phenomena were opposite to our previous observations on a fully reversible glucose sensor when glucose oxidase (GOx) enzyme was used. 31 This suggests that the peroxide cycle of HRP is irreversible. These observations and conclusion agreed with reports that the peroxide cycle did not follow the Michaelis-Menten equation and no evidence of saturation kinetics was observed. 32 Since no reducing agents were added in the experiments, the apparent reducing agents or electron donors (S) in the reaction were amino acids of the HRP.
The control experiment was carried out with a microcantilever modified with a multilayer composite of (PSS/PEI)6, which is also shown in Fig. 2 . In the absence of HRP, this cantilever did not deflect when it was exposed to a 1 mM hydrogen peroxide solution. This clearly indicated that the deflection of a microcantilever was generated from reduction of hydrogen peroxide to H2O by the immobilized HRP enzyme.
The deflection amplitude of HRP immobilized microcantilever was proportional to the concentration of hydrogen peroxide (Fig. 3) . In this work, the cantilever deflected 5 nm at 1 × 10 -9 M concentration of H2O2. Since the noise level can be controlled within 1 nm when the experimental conditions, such as temperature, are well controlled, the detection limit for HRP multilayer modified cantilever can be claimed to be as low as 1 × 10 -9 M. Possible interfering gases in air for H2O2 detection include CO2, SO2, H2S, NO2, and NO . These gases form acids when they come into contact with water. Figure 4 shows bending responses of the (PEI/PSS)3/(PSS/HRP)3 modified microcantilevers to 1 × 10 -5 M solutions of these acids compared with bending response to a 1 × 10 -6 M solution of hydrogen peroxide. None of these chemicals caused as much deflection of the cantilever as H2O2 does, suggesting that such HRP-modified cantilevers could be H2O2 sensors with high selectivity.
Deflection Mechanism
The possible contributions to microcantilever deflection for HRP enzymatic reaction include formation of products, heat release, and structural change of the film. Each possible contribution is individually analyzed below. a) Formation of products: In this reaction, no products except water were produced from the reaction. The radical A· concentration is very low (every enzyme generated one A· radical) and will be quenched in the solutions quickly after production. One could readily conclude that the contribution of peroxide products to microcantilever bending can be excluded. b) Temperature effects: The peroxide cycle releases 10 kJ/mol of heat. In our recent study on glucose measurements, we systematically investigated the enzyme-modified microcantilevers. 31 We concluded that in solutions the heat in these enzymatic reactions makes no or negligible contributions to microcantilever bending. c) Structure of the film. Recently, through circular dichroic (CD) and adsorption spectroscopic analysis, Akita 33 and Schmidt 30 reported that both the secondary and the tertiary structure of the HRP change upon the reaction with H2O2. It is well known that HRP can be oxidized by H2O2 to HRP compound I, followed by the fast oxidation to HRP compound II, and possibly to compound III. 30 It is believed that formation of these compounds is the reason of structural change of HRP, which is probably the only reason for microcantilever bending. This is consistent with our previous conclusion that the conformational or structural changes of the enzymes make significant contributions to microcantilever bending. We also noted that the cantilever backward bending process was much slower than downward bending, suggesting a slow enzymerestoring process. The slow restoring process is consistent with previous reports that the third step of the reaction is the ratelimiting step in peroxidase catalysis 23 and further proved that the structural change of HRP was the major contribution to cantilever bending.
Schmidt 30 mentioned that significant CD changes were only observed at high H2O2 concentration (>1 mM) although the decrease of the HRP activity was observed at lower H2O2 concentrations.
These observations suggested that microcantilever technology may provide a more sensitive approach than CD method to study conformational or structural changes of enzymes.
It should be noted that the recently reported crystal structures of HRP: compounds I, II, and III showed that the structure of the enzyme remained unperturbed except for the active sites, i.e. the hemes of HRP. 34 This result was contradicted by the CD and adsorption results by Akita and Schmidt, and by observations. Close examination of the crystal structure experiments revealed that in their study the crystals were prepared by reaction of the HRP crystal with appropriate oxidants. It is anticipated that the protein structures of compounds I, II and III prepared under these conditions would be the same as that of HRP, but will be different from those prepared in solutions.
In summary, our study has shown that microcantilevers modified by HRP responded quantitatively to hydrogen peroxide; so they could be potentially used for the detection of hydrogen peroxide. Our study also showed that microcantilever technique may be used as a novel, more sensitive tool for the study of the conformational or structural changes of enzymes or proteins, especially the protein thin layers on surfaces. 
